The subjects of normal and disordered lipid metabolism were reviewed comprehensively in a multiauthor supplement to this Journal in 1973 (McGowan and Walters, eds) . Since that time considerable progress has been made in our understanding of the pathophysiology of plasma lipoproteins and their relationship to atherosclerosis. Two particularly notable developments have been the identification and characterisation of a receptor-mediated mechanism, present in all peripheral tissues so far examined, for the uptake and catabolism of low density lipoprotein (LDL), and the recognition of the predictive power of the plasma high density lipoprotein (HDL) cholesterol concentration in relation to coronary heart disease (CHD). In addition, epidemiological, genetic, and metabolic studies have provided greater insight into the nature of the primary (familial) dyslipoproteinaemias. This has necessitated a partial revision of earlier approaches to the classification of these conditions, based on particles of differing composition, size, and density. The largest particles, chylomicrons, are normally absent in the fasting state. In normal fasting plasma, the majority of triglyceride resides in the very low density lipoproteins (VLDL) , whereas most of the cholesterol is in LDL. The general structure of plasma lipoproteins is that of a 'pseudomicelle', composed of an outer surface coat of specific peptides (apoproteins) and polar lipids (unesterified cholesterol, phospholipid) and an inner core of non-polar lipids (cholesterol ester, triglyceride). The apoproteins are able to occupy this interfacial position by virtue of their amphipathic helices (in which polar and non-polar groups lie on opposite sides of the molecule) (Bradley and Gotto, 1978) . They play critical roles in maintaining the structure of the particles and in regulating at least two enzymes involved in their metabolism: lecithin: cholesterol acyltransfrase (LCAT) and lipoprotein lipase. The major functions of the plasma lipoproteins are: (i) to transport endogenously synthesised and exogenous (absorbed dietary) glyceride, an important energy source, to sites of utilisation and storage; and (ii) to transport cholesterol, an essential structural component of cell membranes, between sites of absorption, synthesis, catabolism, and excretion. Dietary glyceride and cholesterol enter the circulation via the mesenteric lymphatics as components of newly synthesised (nascent) chylomicrons. De novo synthesis of glyceride (from glucose and plasma free fatty acids) and cholesterol (from acetate) occurs mostly in the liver, where they are secreted into the circulation as components of VLDL. Both chylomicrons and VLDL contain apoprotein B as an essential structural component. Nascent chylomicrons are also rich in apoproteins Al and All, but these are only loosely bound to the particle and rapidly transfer to HDL after entering the circulation (Schaefer et al., 1978) .
The initial stages in the catabolism ofchylomicrons and VLDL appear to be similar and can therefore be considered together. There is evidence that both 639 lipoproteins may be secreted devoid of C apoproteins, and that these are acquired only after entering the circulation from HDL (Havel, 1978 The progressive decrease in the diameter (and therefore in the surface area) of chylomicrons and VLDL during catabolism is permitted by the release of surface components (unesterified cholesterol, phospholipid, and C apoproteins) in particulate form. These enter the HDL density range and appear to fuse with HDL3 particles, converting them to HDL2 . The C apoproteins are thus gradually returned to the HDL from which they were originally derived. In this way HDL acts as a flexible reservoir of these peptides. Chylomicron 'remnants' are rapidly cleared from the circulation by the liver. A proportion of IDL may have a similar fate, but under normal circumstances at least the great majority is converted, again probably in the liver, to LDL. In normal human subjects all LDL is derived from VLDL catabolism in this way (Sigurdsson et al., 1975 Goldstein and Brown (1974) in studies of cultured human skin fibroblasts. The receptors were subsequently shown to be protein in nature and to be localised in thickened and indented regions of the plasma membrane ('coated pits') specialised for rapid invagination and vesicle formation. Subsequent studies have confirmed the presence of similar receptors in cultured smooth muscle cells, vascular endothelium, adipocytes, adrenocortical cells, and lymphocytes. Binding of LDL to the receptors is essentially irreversible, resulting in the internalisation of the lipoprotein by endocytosis and its incorporation into secondary lysosomes. Here the B apoprotein is degraded to trichloroacetic acid-soluble fragments, which are released from the cell. The cholesterol ester component is hydrolysed, and the resultant unesterified cholesterol has at least three effects: (i) inhibition of cellular cholesterol synthesis through suppression of the activity of 3-hydroxy-3-methylglutaryl coenzyme A reductase; (ii) enhancement of cholesterol esterification by activation of microsomal fatty acyl-CoA cholesterol acyltransferase; and (iii) suppression of LDL receptor synthesis, thereby reducing further LDL uptake. The receptor-mediated catabolism of LDL has been reviewed in detail by Goldstein and Brown (1977) and is summarised in Figure 1 .
Recently, it has been demonstrated that a minor subclass of HDL2, so-called HDL-I, also has a high affinity for the LDL receptor, a property conferred upon it by the presence of apoprotein E . Competition between LDL and HDL for the receptors has been demonstrated in vitro, but the physiological significance of this phenomenon is not yet clear (Miller et al., 1977a) .
With the possible exception of the nervous system, all body tissues so far examined have been shown both to possess LDL receptors and to synthesise cholesterol from acetate. Only hepatocytes, however, are able to catabolise cholesterol (to the primary bile acids, chenodeoxycholic and cholic acids) in quantitatively significant amounts. Direct elimination of cholesterol from the body also occurs mostly by way of secretion into the bile. Goldstein and Brown (1977) , with the permission Annual Reviews Inc.
epithelial cells of the skin and alimentary tract. The transport of cholesterol, derived from LDL uptake and endogenous synthesis, from peripheral tissues to the liver for catabolism and excretion was suggested by Glomset (1970) (Glomset, 1970) ; cultured hepatocytes have been shown to take up and hydrolyse HDL protein (Nakai et al., 1976) and HDL cholesterol ester (Drevon et al., 1977) ; in patients with familial LCAT deficiency cholesterol is deposited in tissues (Gjone, 1974) ; in hyperlipidaemic subjects body cholesterol pool size is a negative function of the plasma HDL cholesterol concentration (Miller et al., 1976) .
High density lipoproteins are synthesised and secreted by the liver and small intestine. The newly secreted particles differ substantially from plasma HDL. As already indicated, the latter are spheres, rich in cholesterol ester and apoprotein AI. In contrast, the nascent forms are discoidal, being composed of a bilayer of phospholipid and unesterified cholesterol with virtually no cholesterol ester and with apoprotein E as the major peptide. Nascent HDL is also more reactive with LCAT and more effective in promoting cholesterol efflux from erythrocytes than is plasma HDL (Hamilton et al., 1976; Glomset, 1978) .
Transformation of nascent HDL to plasma HDL appears to result principally from the esterification of cholesterol in HDL by the LCAT reaction and from the acquisition of A apoproteins from nascent chylomicrons. Cholesterol ester molecules formed in nascent HDL undergo either of two fates: some are transferred, possibly in association with apoprotein E, to triglyceride-rich lipoproteins (see above); others move, on account of their non-polar nature, to occupy a position between the phospholipid bilayer of the particle. The resultant decrease in the ratio of unesterified cholesterol to phospholipid at the surface of the particles is presumed to promote the uptake of further unesterified cholesterol from cell membranes. This is in turn also esterified by LCAT, and the cycle is repeated, the discs being converted in the process to spheres of increasing core size and cholesterol ester content.
Familial dyslipoproteinaemia
Recent genetic and biochemical studies have greatly clarified the nature of the familial disorders of lipoprotein metabolism. Although much remains to be learnt, this knowledge has necessitated a revision of earlier approaches to their classification. The scheme developed by Fredrickson et al. (1967) , and subsequently modified by the World Health Organization (1970), was a milestone in the study of lipid disorders, providing a basis for their systematic study by researchers and, at the same time, a convenient notation for clinicians as a guide to treatment. A number ofweaknesses, however, arenow recognised in this system of classification. Firstly, several of the plasma lipoprotein patterns (types I-V), which provided the basis of the system, have been shown by recent epidemiological and metabolic studies not to be unique to a particular inborn error. Different genetic defects may produce the same lipoprotein pattern, albeit through different mechanisms. Similarly, the phenotypic expression of a particular genotype may vary, for example, according to body weight or to the nature of the diet. Secondly, a number of 'new' inborn errors (eg, familial hyperalphalipoproteinaemia) have been identified.Thirdly, the emphasis placed in the system on elevated plasma lipoprotein concentrations may be inappropriate. Most 'hyperlipoproteinaemias' are associated with a reduction of the concentration of one or more other lipoprotein classes, and in some instances this may be the more important aspect. For this reason I prefer the term 'dyslipoproteinaemia' to include all disturbances of lipoprotein metabolism.
Table2liststhemajorfamilial dyslipoproteinaemias at present recognised: their inheritance, biochemistry, and phenotypic expressions. It can be seen that the type I pattern, reflecting defective hydrolysis of chylomicron triglyceride, can result from an inherited deficiency of either lipoprotein lipase or its activator, apoprotein CII (Breckenridge et al., 1978) . Similarly, the type Ila pattern, the most prominent feature of which is a high LDL concentration, can reflect either defective removal of LDL, as in familial hypercholesterolaemia (Langer et al., 1972) , or overproduction of LDL by way of VLDL, as in familial combined hyperlipidaemia (Sigurdsson et al., 1976a, b) . The phenotypic expression of familial combined hyperlipidaemia is partly determined by relative body weight (Brunzell et al., 1974) . The type IV pattern (elevated VLDL concentration) is the usual phenotypic expression of familial combined hyperlipidaemia in obesity, as well as being the manifestation of the gene for familial hypertriglyceridaemia. When the latter condition leads to massive elevations of VLDL concentration, these (1970) interfere with the catabolism of chylomicrons, probably by competing for common removal mechanisms , resulting in a combined elevation of both lipoproteins. This appears to be the usual cause of the type V pattern of the Fredrickson classification. It can occur when the condition is inherited from both parents, or when it is combined with a secondary hypertriglyceridaemia (eg, diabetes, alcohol, and oestrogens).
In recent years great progress has been made in our understanding of the inborn errors ofmetabolism that underlie the familial dyslipoproteinaemias. Familial hypercholesterolaemia has been clearly shown in an elegant series of studies by Brown (1974, 1977) to reflect a defect in the receptor-mediated uptake of LDL in peripheral cells. Much of this work was performed with cultures of human fibroblasts and lymphocytes. Three distinct forms have been identified: (i) receptor-negative, in which there is a 50% reduction (in the heterozygous form) or a complete absence (in the homozygous form) of cell surface receptors for LDL; (ii) receptordefective, in which in the homozygous state there is a 80-90% reduction of LDL receptor number; and (iii) receptor-mislocation, in which the number of receptors is normal, but they fail to aggregate in the 'coated pits' of the cell membrane, resulting in a reduced rate of endocytosis of receptor-LDL complexes (internalization defect).
There have been two particularly significant developments in the study of broad-beta disease (familial type III hyperlipoproteinaemia), so-called because of the electrophoretic appearance produced by the predominant lipoprotein, referred to as beta VLDL. Metabolic studies have supported the thesis that this is associated with defective catabolism of chylomicron 'remnants' and IDL in the liver . Secondly, isoelectric focusing studies have revealed that the condition is invariably associated with an absence in plasma of a subcomponent (E III) of apoprotein E (Utermann et al., 1975) . On its own, however, deficiency of apoprotein E HI is insufficient to cause the type III phenotype, as it exists in about 1 % of healthy normolipidaemic people. Thus it may require the combination of E-III deficiency and another unidentified factor to produce the abnormality in remnant catabolism. Thyroid function may be important in this regard: myxoedema, which can produce the type III lipoprotein pattern by itself, considerably aggravates the familial condition (Hazzard and Bierman, 1972) .
The metabolic defects associated with familial hypertriglyceridaemia and familial combined hyperlipidaemia are not yet certain, but on current information it seems probable that the former is associated with excessive hepatic triglyceride synthesis and the latter with overproduction of VLDL apoprotein B (Sigurdsson et al., 1976a, b (Schaefer et al., 1976; Assmann, 1978) . Thus it is possible that the hepatic secretion of nascent HDL (composed predominantly of apoprotein E, phospholipid, and cholesterol), and hence also reverse cholesterol transport, may be normal in Tangier patients. Certainly, plasma LCAT activity in vitro is only moderately reduced and HDL cholesterol ester turnover in vivo appears to be normal (Clifton-Bligh et al., 1972; Assmann, 1978) . This may explain why the majority of tissues in Tangier patients do not appear to accumulate cholesterol esters, the visible deposits in the reticuloendothelial system perhaps reflecting phagocytosis of chylomicron and VLDL remnants (Herbert et al., 1978) .
Familial LCAT deficiency results in the accumulation of unesterified cholesterol, rather than cholesterol ester, in a wide variety of tissues (Gjone, 1974) . Plasma from such patients is characterised by the presence of discoidal nascent HDL particles (normally not detectable in peripheral blood), of abnormal products of triglyceride-rich lipoprotein catabolism, and of lipoprotein-X (see later). All of these lipoproteins are rich in unesterified cholesterol and poor in cholesterol ester (Glomset, 1978) .
The relationships of the different familial dyslipoproteinaemias to atherosclerosis are of considerable clinical and pathological interest. There is no doubt that familial hypercholesterolaemia, polygenic hypercholesterolaemia, familial combined hyperlipidaemia, and broad-beta disease are associated with accelerated atherosclerosis. This may also be true of familial LCAT deficiency (Gjone, 1974) . Familial hypertriglyceridaemia and lipoprotein lipase deficiency do not appear to accelerate atherogenesis (Brunzell et al., 1976) . Hypobetalipoproteinaemia and hyperalphalipoproteinaemia are associated with a reduced risk of atherosclerotic vascular disease and with increased longevity (Glueck et al., 1976) . These observations can be largely explained by the probable atherogenic nature of the low and intermediate density lipoproteins and of chylomicron 'remnants', due to deposition of cholesterol in the lesions, and a possible anti-atherogenic effect of HDL, related to a role in reverse cholesterol transport or to inhibition of LDL uptake (see above). Very low density lipoproteins, on the other hand, may have little direct effect on the disease process, although Zilversmit (1976) has suggested that they might be converted to atherogenic intermediate density particles at the surface of the vascular endothelium through the action of lipoprotein lipase.
The diagnosis of the familial dyslipoproteinaemias can usually be confirmed, after exclusion of secondary causes, by a combination of the clinical picture, lipoprotein fractionation, and electrophoresis, and screening of first-degree relatives. When doubt exists, however, special tests may be required. These include measurement of post-heparin plasma lipolytic activity (for lipoprotein lipase and apoprotein CII deficiency), assay of LDL receptor function in cultured fibroblasts or blood lymphocytes (for familial hypercholesterolaemia), measurement of apoprotein E-III by isoelectric focusing (for broad-beta disease), and therapeutic trial (eg, dietary fat restriction to distinguish between lipoprotein lipase deficiency and severe familial hypertriglyceridaemia). In some instances, immunoassays of apoproteins A, B, and C may also be useful.
Secondary dyslipoproteinaemia
A variety of diseases are known to produce disturbances of plasma lipoprotein metabolism, and the list has increased in recent years. The more important are presented in Table 3 . It can be seen that all the lipoprotein patterns described in the preceding section can be produced in this way. The biochemical factors underlying the dyslipopro-644A group.bmj.com on November 7, 2017 -Published by http://jcp.bmj.com/ Downloaded from coexistent familial hypertriglyceridaemia or renal disease. The mechanism of production of hypertriglyceridaemia in obesity appears to be a consequence of insulin-resistance (Olefsky et al., 1974; Pykalisto et al., 1975) .
Liver disease can also be associated with several dyslipoproteinaemias. Chronic hepatocellular failure may produce changes compatible with minor impairment of chylomicron 'remnant' and IDL catabolism, possibly due to reduced hepatic triglyceride lipase activity, but does not usually result in hyperlipidaemia. Acute alcoholic hepatitis produces a transient but marked LCAT deficiency, producing a similar lipoprotein pattern to that associated with familial LCAT deficiency (Ragland et al., 1978) . Plasma LCAT activity is also reduced in chronic cholestasis. In this situation, however, the appearance of lipoprotein-X is usually the most marked feature, presumably due to the associated bile retention. Lipoprotein-X particles are discoidal, like nascent HDL, but are considerably larger. They are composed of lecithin, unesterified cholesterol, albumin, and C apoproteins. These changes are particulary marked in primary biliary cirrhosis, in which the presence of lipoprotein-X may lead to massive hypercholesterolaemia (McIntyre, 1978) .
The hyperlipidaemia of nephrotic syndrome appears to be due partly to increased triglyceride synthesis and VLDL secretion and partly to reduced triglyceride hydrolysis. The former appears to be a consequence of the low colloid osmotic pressure associated with hypoalbuminaemia, the hypertriglyceridaemia being reduced by albumin or dextran infusions. The low lipolytic activity may be due to urinary loss of apoprotein CII. Disturbed lipoprotein metabolism, reflected in moderately elevated levels of VLDL and low HDL cholesterol concentrations, is now recognised to be a common complication of chronic renal failure also (Bagdade et al., 1976) , possibly explaining the increased susceptibility to coronary disease, which is now a well documented complication of uraemia. Increased triglyceride synthesis (Cramp et al., 1977) and decreased hepatic triglyceride lipase activity (Bolzano et al., 1978) have recently been described in this condition.
The importance of ethanol as a cause of hypertriglyceridaemia, by stimulating hepatic VLDL triglyceride secretion, is well recognised. More recently, it has become acknowledged that a rise in the plasma HDL concentration is an even more consistent effect of alcohol (Johansson and Medhus, 1974) . This is of interest as it represents a departure from the inverse relationship between VLDL and HDL concentrations that exists in most other situations (Miller and Miller, 1975) . The mechanism by which alcohol increases HDL concentration is uncertain. One possibility is that it is secondary to enzyme induction in the liver, leading to increased HDL synthesis. In this context it is of interest that the HDL concentration is also increased by at least two other agents which induce proliferation of the hepatic smooth endoplasmic reticulum: chlorinated hydrocarbons (Carlson and Kolmodin-Hedman, 1972) and phenytoin (Nikkila et al., 1978) .
The effects of oral contraceptives on plasma lipoprotein levels have attracted considerable interest in recent years on account of their widespread use in a young healthy population, coupled with the epidemiological evidence for an increased risk of coronary disease associated with their use. Oestrogens tend to elevate plasma VLDL and HDL concentrations in premenopausal women. Progestogens, on the other hand, tend to have the opposite effect. The net effect of any oestrogenprogestogen combination on the plasma lipoprotein pattern depends upon the nature and doses of the two components . Oral contraceptive usage by subjects with familial hypertriglyceridaemia may rarely produce massive hypertriglyceridaemia, complicated by acute pancreatitis (Brunzell and Schrott, 1973 (Shepherd et al., 1978) . Cholesterol-rich diets, on the other hand, increase the plasma VLDL, IDL, LDL, and HDL2 concentrations (Mistry et al., 1976) . The rise in HDL2 reflects at least in part the appearance of a cholesterol-and apoprotein E-rich alpha-migrating lipoprotein (HDLc), probably derived from HDL-I .
Plasma lipoproteins and atherosclerosis
Although several of the specific dyslipoproteinaemias described above are associated with a greatly increased risk of CHD, only a minority of patients with clinical CHD have such conditions (Goldstein et al., 1973) . Thus, while it is important to treat these conditions vigorously when present, this will have little impact on the overall incidence of CHD in the total community. It is necessary, therefore, for the relationship between CHD and plasma lipid metabolism to be identified also in the remaining majority of 'normal' subjects. A notable recent development in this area has been a renewal of interest by epidemiologists and pathologists in the independent relationships of different plasma lipoprotein fractions, rather than those of the plasma total cholesterol and triglyceride concentrations, to coronary atheroma. Epidemiological and clinical studies have confirmed that the welldocumented positive correlation between the plasma total cholesterol concentration and CHD reflects their underlying relationships to the plasma LDL concentration. There seems little doubt that this in turn reflects a direct atherogenic effect of LDL. The same studies also demonstrated an independent negative correlation between CHD and the plasma HDL cholesterol concentration. This finding has lent support to an earlier hypothesis, proposed by Miller and Miller (1975) , that HDL may exert an anti-atherogenic effect by virtue of a role in reverse cholesterol transport, and that disturbed HDL metabolism may be a common cause of premature atherosclerosis.
The relationship of CHD prevalence to the plasma HDL cholesterol concentration has been the subject of two reports. In the Cooperative Lipoprotein Phenotyping Study data were analysed from 6859 men and women aged 40 years or more, living in five centres of the United States. In the combined data, CHD prevalence increased from 8 to 18 per 100 as HDL cholesterol decreased from > 45 to < 25 mg/dl. This association was independent of the plasma triglyceride and LDL cholesterol concentrations. Similar trends were observed in each centre, in both sexes, in all age groups, in different ethnic groups, and for both myocardial infarction and angina pectoris considered separately. In the Honolulu Heart Study (Rhoads et al., 1976) , 2019 men of Japanese descent aged 50-72 years, including 264 cases of CHD, were examined. CHD prevalence showed more than a two fold rise between the highest (> 53 mg/dl) and the lowest (< 36 mg/dl) quartiles of HDL cholesterol, which was agai'-independent of the plasma triglyceride and LDL cholesterol concentrations. These two studies established that patients with clinically manifest CHD tend to have a low HDL cholesterol concentration independently of other lipoproteins.
The predictive power of HDL cholesterol concentration for clinical CHD, independently of other lipoproteins and risk factors, was examined as part of the Troms0 Heart Study in Norway and the Framingham Study in the United States. In the Tromso Study, Miller et al. (1977b) followed 6595 men aged 20-49 years for two years, during which time 21 of the participants developed a new coronary event (myocardial infarction or sudden death). For each of these cases two control subjects were randomly selected, matched for age, ethnic origin, area of residence, and physical activity. The mean HDL cholesterol concentration in the cases was found to be significantly lower than that in the controls, while the converse was true for the cholesterol concentration in lipoproteins of lower density (d < 1P063 g/ml). Discriminant function analysis revealed that the relationships of coronary risk to HDL cholesterol and d < 1 063 cholesterol were independent of each other and of plasma triglyceride (non-fasting), blood pressure, cigarette consumption, and relative body weight. Furthermore, the contribution of HDL cholesterol to the discrimination between cases and controls was greater than that of density < 1 063 g/ml cholesterol.
Essentially identical results were reported by the Framingham group after following for two to eight years 1025 men and 1445 women aged 49-82 years, all of whom had initially been free of clinical CHD. CHD incidence per 1000 subjects increased from 25 to 105 in men and from 14 to 164 in women as HDL cholesterol decreased from 65-74 to 25-34 mg/dl (Fig. 2) . In both sexes this association was again independent of the plasma triglyceride (fasting) and LDL cholesterol concentrations, blood pressure, cigarette consumption, and relative body weight. It applied to each 10-year age group and to all categories of CHD examined. On the basis of the likelihood ratio statistic, the pre-200 0 100 cc0 dictive power of HDL cholesterol was substantially greater than that of LDL cholesterol.
Three additional prospective studies of HDL in relation to CHD have since been completed. In the Oslo Heart Study (Enger et al., 1979) , 93 men aged 40-49 years who suffered a first myocardial infarction during five years of follow-up had a significantly lower mean HDL cholesterol concentration (in frozen serum samples) than did 186 controls matched for age, smoking habits, time of blood sampling, and serum total cholesterol and triglyceride (nonfasting) concentrations. In the Israeli Ischaemic Heart Disease Study of approximately 6500 men aged 40 years or more at entry, a low HDL cholesterol concentration was associated with an increased risk of first myocardial infarction during five years of follow-up, independently of plasma total cholesterol, age, relative body weight, cigarette consumption, blood pressure, and glucose tolerance (Goldbourt and Medalie, 1979) . In a further examination of the Troms0 participants, the serum concentration ofapolipoproteinAl, themajor HDLpeptide,wasalso significantly lower in the cases than in the controls (Ishikawa et al., 1978) . Evidence has also been presented that cerebral (Rdssner et al., 1978) and peripheral (Bradby et al., 1978) 
